How does the brain develop to exert complicated functions throughout life? The brain morphology is formed during embryonic to perinatal periods according mostly to genetic program, which instructs on cell differentiation and migration to circuit formation consisting of excitatory and inhibitory neurons. Neuronal circuits are then remodeled according to experience received from the environment during postnatal development. This unique time window with elevated neuronal plasticity is termed the critical period. The critical period is distinct from programmed developmental timing, and instead, early life experience activates intrinsic mechanisms for the critical period to increase neuronal plasticity. For example, complete darkness after birth will inhibit visual experience thus retaining the immaturity of the visual cortex and prolonging the onset of the critical period (Daw, 1995) . Experience is therefore crucial for refinement of brain function, and consequently, young animals including humans easily adapt to the individual environment in which they live. As the brain matures, neuronal plasticity becomes limited. Thus, failure to remodel and then consolidate circuits during early life development 
| INTRODUC TI ON
How does the brain develop to exert complicated functions throughout life? The brain morphology is formed during embryonic to perinatal periods according mostly to genetic program, which instructs on cell differentiation and migration to circuit formation consisting of excitatory and inhibitory neurons. Neuronal circuits are then remodeled according to experience received from the environment during postnatal development. This unique time window with elevated neuronal plasticity is termed the critical period. The critical period is distinct from programmed developmental timing, and instead, early life experience activates intrinsic mechanisms for the critical period to increase neuronal plasticity. For example, complete darkness after birth will inhibit visual experience thus retaining the immaturity of the visual cortex and prolonging the onset of the critical period (Daw, 1995) . Experience is therefore crucial for refinement of brain function, and consequently, young animals including humans easily adapt to the individual environment in which they live. As the brain matures, neuronal plasticity becomes limited. Thus, failure to remodel and then consolidate circuits during early life development could cause ambiguous information processing, associated with neurodevelopmental and mental disorders such as schizophrenia and autism (Leblanc & Fagiolini, 2011; Nelson & Valakh, 2015; Takesian & Hensch, 2013) .
In young individuals, "experience-dependent plasticity" includes a broad change of circuit such as reorganization of axonal innervation from thalamus to cortex, and it takes several days for the circuit to alter functional output. It involves "activity-dependent plasticity," which typically refers to functional changes in synapses in response to stimuli over a relatively short time period. For both plasticities, specific gene expression and underlying chromatin regulation play important roles. For example, in "activity-dependent" transcriptional regulation, which is well studied in cultured neurons, stimulus-triggered Ca 2+ signaling activates transcription factors such as CREB and co-activators that mediate transcription of immediate early genes via histone modification, followed by expression of synaptic genes (West & Greenberg, 2011) . In addition, in "experiencedependent" plasticity, which requires accumulation of patterned neural activity under certain environments, transcriptional regulation includes a specific transcription factor that serves as a messenger of experience, and plays roles in modulating and developing the intrinsic properties of neurons over time (Sugiyama, Prochiantz, & Hensch, 2009 ).
Studies over the last 20 years have implied that for activation of critical period plasticity, achievement of a proper excitatory/inhibitory (E/I) balance of neural circuits is essential during inhibitory interneuron development (Hensch, 2004; Takesian & Hensch, 2013) .
Thus, transcriptional regulation to promote interneuron development is one of the most important aspects of juvenile plasticity.
Moreover, chromatin regulation that allows flexible gene expression for plasticity has been indicated to be another important characteristic of the critical period. In this review, we will provide an overview of the currently proposed mechanism and regulators of the critical period, then discuss transcriptional regulation of the development of a specific inhibitory neuron key to induce the plasticity. Furthermore, from an epigenetic point of view, some additional aspects of chromatin regulation potentially underlying neuronal development and plasticity will be discussed.
| E XPERIEN CE-DEPENDENT DE VELOPMENT OF INTERNEURON FOR O CUL AR DOMINAN CE PL A S TI CIT Y
Insight on the critical period has been predominantly achieved through studies of visual cortical development, originated by the Nobel laureates Hubel and Wiesel in the 1960s (Espinosa & Stryker, 2012) . Closing one eye (monocular deprivation, MD) during the critical period induces rearrangement in the visual circuit, both functionally and anatomically, so stimuli are received dominantly from the open eye (ocular dominance). As a result, vision of the closed eye reduces, causing amblyopia (Daw, 1995; Wiesel & Hubel, 1963) . Changes in the circuit for binocular vision can be reversed with appropriate treatment during the critical period, but in adulthood, complete recovery from amblyopia cannot be expected due to the limited plasticity.
Studies using genetically modified mice have proposed that
GABAergic cortical interneurons, responsible for E/I balance, are essential for onset of the critical period (Hensch, 2004) . Inhibitory interneurons, which constitute approximately 20% of cortical neurons, are diverse in molecular constituents, shapes, and electrophysiological properties, and differ in innervation targets, thus modulating circuit activity in different ways (Kawaguchi & Kubota, 1997; Kepecs & Fishell, 2014) . A class of interneurons expressing parvalbumin (PV cells), which develop later through experience (Chattopadhyaya et al., 2004) , is highly relevant to the critical period (Fagiolini et al., 2004) . Upon closure of one eye (MD) during the critical period, PV cells first detect the imbalance of visual input and regulate activity of excitatory neurons (Kuhlman et al., 2013; Yazaki-Sugiyama, Kang, Câteau, Fukai, & Hensch, 2009) . Then, on the dendrites of pyramidal neurons, spines become highly mobile and pruning takes place by the action of tissue plasminogen activator (tPA), a protease in the extracellular matrix (Mataga, Mizuguchi, & Hensch, 2004) . These changes occur 1-3 days after MD, and structural changes are observed in thalamo-cortical axons within 2 weeks (Antonini, Fagiolini, & Stryker, 1999) . Thus, the response to changes in sensory input during the critical period starts from modulation of the PV cell response and results in structural reorganization of the circuit, including excitatory neurons. (Figure 1 ). Firstly, a mouse lacking GAD65 (glutamic acid decarboxylase), a synaptic isoform of gamma-aminobutyric acid (GABA) synthase, was demonstrated to have impaired critical period plasticity (Hensch et al., 1998) . Bbrain-derived neurotrophic factor (BDNF) (Hanover, Huang, Tonegawa, & Stryker, 1999; Huang et al., 1999) , homeoprotein Orthodenticle 2 (Otx2) (Sugiyama et al., 2008) , and a circadian regulator CLOCK (Kobayashi, Ye, & Hensch, 2015) were also reported to promote development of PV cells and open the critical period. Otx2 is especially intriguing because it is translocated into PV cells depending on experience, as we will discuss later.
| MOLECULE S REG UL ATING THE CRITI C AL PERI OD
More recently, molecules mediating development of excitatory synapses on PV cells were also implicated in the critical period.
Genetic deletion of a glutamate receptor binding protein NARP (neuronal activity regulated pentraxin), Neuregulin-1 (NRG1) or its receptor erb-b2 receptor tyrosine kinase 4 (ErbB4) causes immature excitatory synapses (Gu et al., 2013; Sun et al., 2016) . In contrast, the absence of methyl CpG binding protein 2 (MeCP2) results in premature excitatory synapses (Durand et al., 2012; Krishnan et al., 2015; Mierau, Patrizi, Hensch, & Fagiolini, 2015) . A recent study proposing the critical period mechanism has pointed to the importance of "dis-inhibition," in which the decrease in excitatory input by MD leads to temporal reduction in PV cell activity (Kuhlman et al., 2013) . Reduction in the PV cell response is followed by homeostatic change of the entire circuit activity which emphasizes input from the open eye, and thus, MD-responsive factors such as tPA, insulinlike growth factor binding protein 5 (Igfbp5) and activity regulated cytoskeletal-associated protein (Arc) are activated to rebalance the visual circuit (Mataga et al., 2004; McCurry et al., 2010; Tropea et al., 2006) . Modulation of transmission strength at excitatory synapses on PV cells is therefore suggested to be the initial trigger for the plasticity.
There are also factors to actively close the critical period by limiting plasticity, both functionally and structurally. Modulators of cholinergic neurotransmission (e.g., Ly6/neurotoxin 1 (Lynx1)) contribute to critical period closure by strengthening PV cell function (Morishita, Miwa, Heintz, & Hensch, 2010) . Moreover, an extracellular matrix termed perineuronal net (PNN) that is gradually formed around PV cells as they mature, and components in axon myelination (e.g., nogo receptor), both cause reduction in plasticity (McGee, Yang, Fischer, Daw, & Strittmatter, 2005; Pizzorusso et al., 2002) . Furthermore, inhibitors of histone deacetylase (HDAC), which induce "active" chromatin and allow gene expression, can reactivate the plasticity in adults, indicating that ability of gene induction is also limited beyond the critical period (Putignano et al., 2007) .
In summary, the critical period occurs when inhibitory function of PV cell is sufficiently mature, but at the same time, PV cells as well as excitatory neurons remain plastic: the environment of neurons, both internally (e.g., chromatin state) and externally (e.g., PNN amount) should be permissive for responding flexibly to sensory input ( Figure 1 ). This opens the possibility that removing molecular brakes can induce circuit plasticity even later in life. Otx2 has long been known as a homeoprotein essential for embryonic brain formation (Béby & Lamonerie, 2013; Matsuo, Kuratani, Kimura, Takeda, & Aizawa, 1995) . Otx2 disappears from the cortex before birth (Frantz, Weimann, Levin, & McConnell, 1994) , but reemerges at the third postnatal week in cortical PV cells in parallel with their development (Sugiyama et al., 2008) . Otx2 protein, transcribed and translated in more peripheral visual pathway components, such as retina and thalamus (Sugiyama et al., 2008) or choroid plexus (Spatazza et al., 2013) , acts as a messenger of sensory experience. Experience-dependent transfer and accumulation of Otx2 into the visual cortex promotes PV cell development, and therefore is deemed necessary and sufficient for determining timing of the critical period (Sugiyama et al., 2008 ).
| OT X 2 HOMEOPROTEIN IS A ME SS ENG ER OF E XPERIEN CE TO REG UL ATE THE TIMING OF CRITI C AL PERI OD PL A S TI CIT Y

How is Otx2 targeted to PV cells? Recent studies showed that
Otx2 binds to chondroitin sulfate proteoglycan (CSPG) in PNN via its glycosaminoglycan-binding motif (Beurdeley et al., 2012; Miyata, Komatsu, Yoshimura, Taya, & Kitagawa, 2012) and also interacts with a major CSPG, aggrecan . Once Otx2 is enriched around PV cells via the interaction with PNN, it seems to penetrate the cells through a positively charged internalization sequence (Prochiantz & Joliot, 2003; Sugiyama et al., 2009) . In contrast to the prevailing notion that PNN inhibits the plasticity as a physical barrier, a new study using mice lacking a key CS-synthesizing enzyme, chon-
showed that a small amount of PNN is essential to open the critical period by promoting accumulation of Otx2 in PV cells Igarashi, Takeuchi, & Sugiyama, 2018) . As CSGalNAcT1 is a target gene of Otx2 ), continuous internalization of Otx2 then accelerates further PNN formation, which in turn consolidates PV cell function and closes the critical period. Inhibition of Otx2 internalization in adults, by infusing a peptide that interferes with PNN interaction or by exogenous antibody to trap Otx2, leads to a decrease of PV circuits and reactivation of the critical period (Bernard et al., 2016; Beurdeley et al., 2012; Hou et al., 2017) . Thus, the mutually dependent increase in amount of Otx2-PNN induces molecular events at two different steps, respectively, determining the onset and offset of the critical period.
Otx2 co-localizes mainly with PV cells across cortical regions such as somatosensory, motor, auditory and cingulate cortexes, and the emergence of Otx2 signals correlates with PV cell development Spatazza et al., 2013) . Notably, it has been shown that auditory and medial prefrontal cortexes require localization of Otx2 in PV cells for the critical period (Lee et al., 2017) . Otx2 is therefore a key regulator of experience-dependent PV cell maturation related to juvenile plasticity across the cortex.
| TR AN SCRIP TI ONAL REG UL ATI ON OF A PV CELL PROPERT Y DURING THE CRITI C AL PERI OD
The mature form of PV cells exhibits a fast-spiking property, which exposes strong inhibition on the pyramidal cell body (Figure 2a ), allowing for suppression of spontaneous activity and thus emphasizes a sensory-evoked response (Van Versendaal & Levelt, 2016) .
Transcriptome profiling of fast-spiking interneurons has been executed over the course of maturation in mouse somatosensory cortex, and developmental changes of expression of specific genes such as ion channels were detected (Okaty, Miller, Sugino, Hempel, & Nelson, 2009) . Meanwhile, as a PV-cell specific transcription factor during the maturation, Otx2 is the only known regulator. In order to explore genes under transcriptional regulation by Otx2, genomic regions bound by Otx2 were comprehensively analyzed by ChIP-seq (chromatin immunoprecipitation-sequencing) using juvenile cortex (Morishita, Cabungcal, Chen, Do, & Hensch, 2015) . PNN plays a role in protecting PV cells from oxidative stress, and PNN itself is vulnerable to oxidative stress (Cabungcal et al., 2013) .
It has been demonstrated that impairment of CLOCK gene, a well-known regulator of circadian rhythm, delays PV cell maturation and the critical period (Kobayashi et al., 2015) . PV cell-specific transcriptome analysis identified downstream genes of CLOCK. In addition to synaptic genes, factors related to respiration chain and redox regulation were enriched, suggesting the involvement of CLOCK in maintenance of PV cell homeostasis. Interestingly, some of these gene sets were common between CLOCK and Otx2, and circadian factors were also enriched in Otx2-bound genes .
Otx2 may hence secure functional integrity of PV cells by regulating or acting in cooperation with circadian genes.
Recently, dysfunction of PV cells by oxidative stress has been related to mental disorders such as developmental disorder, autism spectrum disorder, and schizophrenia (Do, Cuenod, & Hensch, 2015) . Of note, some humans with genetic disease caused by mutation in Otx2 also show developmental disorder and autism (Schilter et al., 2011) Potassium channels promote development of PV cell-specific properties such as fast-spiking activity. On the other hand, genes involved in metabolism and anti-oxidant functions may maintain PV cell integrity juvenile cortical plasticity, impairment of which leads to malfunction of the inhibitory circuit, resulting in mental disorders.
| E XPERIEN CE-DEPENDENT ACE T YL ATI ON OF HIS TONE AND EFFEC TS OF HDAC INHIB ITI ON
The epigenetic profile limits the action of transcription factors and chromatin regulators, and thus defines cell-specific gene expression. 
Neuronal epigenetics is particularly important as neurons continu
Note. CP, critical period; DR, dark rearing; EE, enriched environment; MD, monocular deprivation. a Cortex and other brain regions were used to investigate DNMT3a expression level. All other studies were done using visual cortex.
mediated by activity-dependent ERK/MAPK cascade, including phosphorylation of CREB and activation of a HAT, CBP (Putignano et al., 2007) . In mature cortex, treatment with a HDAC inhibitor, which increases acetylation, reactivates the ocular dominance plasticity and enables recovery from amblyopia (Putignano et al., 2007) .
Importantly, in humans, taking an HDAC inhibitor allowed acquisition of absolute pitch in the adult brain, which is usually achieved between ages 4 and 6 (Gervain et al., 2013) .
The action of HDAC inhibitors causes not just global upregulation of acetylated histone, but rather change in distinct loci.
Genome-wide analysis of open chromatin in the adult mouse visual cortex following HDAC inhibitor treatment showed that regulatory regions such as enhancer and retrotransposon-like SINE element become more accessible, concomitant with expression of genes related to neural plasticity and epigenetics (Lennartsson et al., 2015) .
Analysis of accessible sequence identified enrichment of putative binding sites for the Fox transcription factor family, suggesting that Fox may play a role in plasticity.
| E XPERIEN CE-DEPENDENT REG UL ATION OF DNA ME THYL ATION
Covalent modification of DNA is another layer of epigenetic control.
Methylation of cytosine (5mC), usually causing a repressive effect in transcription, has been implicated in learning and memory (Lister & Mukamel, 2015) . During the critical period, MD induces a decrease in gene expression, concomitant with DNA methylation of promoter regions of genes such as BDNF and miR-132 which regulates synapse maturation (Tognini et al., 2015) . Inhibition of DNA methyltransferase (DNMT) abolishes part of the reduction in gene expression, and importantly, blocks ocular dominance plasticity. Notably, expression of DNMT is up-regulated upon MD, in contrast to down-regulation of Gadd45 involved in active DNA de-methylation. Accordingly, an increase in 5mC negatively correlates with 5-hydroxylmethylcytosine (5hmC), an intermediate of cytosine de-methylation (Tognini et al., 2015) . Although the mechanism determining the specificity of methylation and de-methylation sites is unknown, experience-dependent plasticity of DNA methylation mediated by expression change of its regulators is important for critical period plasticity (Table 1) . Thus, the experience-mediator Otx2 not only induces a gene cascade for PV cell maturation and maintenance but also controls the regulator of chromatin state underlying plasticity.
Although DNA methylation had been considered to occur in the form of mCG dinucleotide, non-CG methylation (mCH, where H = A, C, T) also exists in many tissues (Schultz et al., 2015) . Interestingly, mCH, especially in the form of mCA, accumulates dramatically during postnatal brain development, in contrast to mCG that is constant throughout life (Lister et al., 2013) . Accumulation of mCH is specific to neurons, and mCA is abundant in the gene body of long genes (>100 kb) which are enriched in neuronal-related functions such as synapse and cell adhesion. Genome-wide analysis revealed that mCA and DNMT3a, which catalyzes mCA, are enriched in gene bodies of lowly expressed genes (Stroud et al., 2017) . Intriguingly, gene activation via juvenile experience results in exclusion of DNMT3a from the lowly expressed genes and concomitant decrease of mCA.
The reduction of mCA was persistent to adulthood, suggesting that juvenile experience creates long-lasting modification in gene expression basis by controlling mCA.
MeCP2, a methyl-DNA reader, would be a key factor bridging DNA methylation pattern and postnatal plasticity. Rett syndrome, a developmental disorder caused by mutation in MeCP2, shows slow emergence of symptoms after birth including autism, seizures, and dementia (Pohodich & Zoghbi, 2015) . This is consistent with a gradual increase of MeCP2 in postnatal neurons accompanied by accumulation of mCA, which is bound by MeCP2 (Gabel et al., 2015; Skene et al., 2010) . The pattern of mCA is different depending on the neuronal cell type. PV cells possess a higher amount of mCA than other neuronal cells (Mo et al., 2015) , suggesting the role of MeCP2 depends on cell type. In mice, conditional deletion of MeCP2 in PV cells alters expression of PV-related genes and affects the critical period (He et al., 2014) . In addition, MeCP2-null knock-out mouse exhibits earlier onset of the critical period because of early maturation of PV cells, probably by premature switching of NMDA receptor subunits (Mierau et al., 2015) and/or by up-regulation of BDNF from excitatory pyramidal neurons (Krishnan et al., 2015) . Taken together, MeCP2 tunes gene expression required for plasticity according to the developmental trajectory of DNA methylation in each neuronal cell type. cell-type-specific chromatin and transcriptional regulation that lead to specific molecular events is important for precise understanding.
| IMP ORTAN CE OF CELL-T YPE-S PECIFI C ANALYS IS OF TR ANSCRIP TION AND CHROMATIN REG UL ATION
Indeed, investigation of downstream genes of a single transcriptional factor both in excitatory and inhibitory neurons has discovered a circuit-wide principle: Npas4, an activity-dependent transcription factor that can increase plasticity in adults (Maya-Vetencourt et al., 2012) , regulates distinct genes in each excitatory and inhibitory neuron, but importantly, promotes the inhibitory circuit as a whole (Spiegel et al., 2014) . Although histone modification analysis of minor populations is still behind, enhancer histone modifications in combination with open chromatin would clarify regulatory genomic regions and binding factors. On the other hand, as for DNA modification that requires reduced cell numbers for direct sequencing analysis, increased hmC in PV cells has been uncovered (Mo et al., 2015) . As recent development of tools has enabled researchers to explore cell-specific genome-wide epigenetic patterns (Lister & Mukamel, 2015; Mo et al., 2015) , it is expected that examining celldependent modifications would reveal important regulatory features in the critical period.
The process from activity-dependent signaling to transcriptional initiation has been well-studied in excitatory neurons (Madabhushi & Kim, 2018; West & Greenberg, 2011) . However, reporting of interneuron-specific regulatory mechanisms has begun; nuclear signaling in PV cells is conducted by CaMKI instead of CaMKII, and phosphorylation of CREB occurs more slowly compared to excitatory neurons so that saturation by higher firing is prevented (Cohen et al., 2016) . Thus, different mechanisms of transcriptional activation would be executed according to each cell type.
| CON CLUS I ON AND OUTLOOK
We have reviewed experience-dependent change of neurons from the viewpoint of gene regulation. One way to understand the molecular mechanism for juvenile plasticity is to investigate target genes regulated by a key transcription factor. The two studies on Otx2 reviewed here provided insights into the importance of physiological control such as channel function and stress regulation in PV cell development , or of chromatin plasticity associated with DNA demethylation (Apulei et al., 2018) .
The other way of understanding the molecular mechanism for juvenile plasticity is to investigate critical-period-specific gene regulation from the epigenetic status of chromatin. In addition to histone modifications mentioned in this review, it is possible that an experience-dependent factor like Otx2 creates a "poised" (or "paused") chromatin locus, which simultaneously possesses activating and repressing modifications to allow rapid transcription upon activation signaling, as observed for a medulloblastoma cell line (Bunt et al., 2012) . Otx2 also mediates long-lasting effects on gene expression after early life stress, possibly via enhancer modulation (Peña et al., 2017) . Furthermore, enhancer-associated histone H3K27 acetylation (Gray et al., 2015) and many forms of histone methylation (Garay, Wallner, & Iwase, 2016) are highly related to brain development. The main focus for future elucidation is the neuronal cell-type-specific epigenetic profile of the critical period, and how this integrates with the action of chromatin regulators controlled by activity-dependent signal transduction, leading to high plasticity.
Moreover, different classes of chromatin regulation have been implicated in neuronal development and brain function, such as turnover and remodeling of nucleosomes (Wenderski & Maze, 2016) , and higher-order chromosome structure (Fujita & Yamashita, 2018; Watson & Tsai, 2017) . Turnover of nucleosomes containing the H3.3 histone variant, which is highly correlated with active transcription and neural network function (Henikoff, Henikoff, Sakai, Loeb, & Ahmad, 2009; Maze et al., 2015; Sakai, Schwartz, Goldstein, & Ahmad, 2009) , is extraordinarily fast in the juvenile brain and slows after adolescence (Maze et al., 2015) .
Also, cohesin complex, which regulates 3D chromatin structure such as the loop between enhancer and promoter, is required for dendrite development on pyramidal cells (Fujita et al., 2017) , and mutations cause Cornelia de Lange syndrome which includes an autistic feature (Liu & Krantz, 2009 
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